Abstract Reactive oxygen/nitrogen species (ROS/RNS) are potentially cytotoxic molecules because they can generate oxidative/nitrosative stress. However, ROS and RNS, at concentrations tightly regulated by antioxidants, serve also useful purposes in processes such as organ development, abiotic and biotic stress response and redox signaling. Antioxidant enzymes and metabolites are abundant in plants and particularly in legume nodules. Most of the enzymes involved in antioxidant defense are encoded by multigene families and occur as multiple isoforms in various cellular compartments, forming a dynamic network that is spatio-temporally regulated. Genomic, transcriptomic and proteomic analyses of model legumes, such as Lotus japonicus and Medicago truncatula, are unveiling a complex regulation of antioxidant pathways in different tissues and especially during the symbiotic interaction with rhizobia. This regulation includes alternatively spliced forms of the genes and post-translational modifications of the proteins, which with no doubt will be the subject of intense research over the next years.
Reactive Oxygen and Nitrogen Species in Legumes
Plants, like other aerobic organisms, produce reactive oxygen species (ROS), mainly superoxide radicals (O 2 -) and hydrogen peroxide (H 2 O 2 ), during mitochondrial respiration (Halliwell and Gutteridge 2007) . Other major sources of ROS in plant cells are the chloroplasts and peroxisomes. In legume nodules, ROS are generated in mitochondria, plastids, peroxisomes and bacteroids (Becana et al. 2010) . Although O 2 -and H 2 O 2 have moderate reactivity, they can interact giving rise to ROS with highly oxidizing potential. This is the case of metal-catalyzed Fenton reactions, in which H 2 O 2 is reduced by trace amounts of ferrous iron to hydroxyl radicals, which are then able to oxidize virtually all molecules at nearly diffusion rates (Halliwell and Gutteridge 2007) . Also, alkoxyl and peroxyl radicals can be formed in procceses such as the peroxidation of membrane lipids. The peroxisomal, symbiosomal and plasma membranes contain short electron transfer chains that generate ROS. In the plasma membrane, NADPH oxidases generate O 2 -and H 2 O 2 and perform important functions both in plant immunity and in the symbiotic interaction (Marino et al. 2012 ). Production of O 2 -has been detected in root hairs during infection by compatible rhizobia (Santos et al. 2001; Cárdenas et al. 2008 ) and accumulation of H 2 O 2 and formation of hydroxyl radicals have been observed in senescent nodules (Becana and Klucas 1992; Rubio et al. 2004 ).
Similar to ROS, reactive nitrogen species (RNS) are generated in many subcellular compartments, including the mitochondria, peroxisomes, plastids and bacteroids. Two RNS of major relevance in vivo are nitric oxide (NO), which acts as a signal in multiple developmental and stress responses, and S-nitrosoglutathione (GSNO), which is implicated in trans-nitrosylation reactions with cysteine thiol groups. NO has been detected in intact nodules and found to be produced by bacteroid and plant nitrate reductases (Meakin et al. 2007; Horchani et al. 2011) and by a plant NO synthase-like activity (Cueto et al. 1996) .
Other RNS with highly oxidizing and nitrating potential can be formed by interaction of ROS (Navascués et al. 2012 ).
Many ROS and RNS perform useful functions in vivo and their concentrations need to be kept under strict control to avoid cytotoxicity. This task is carried out by a highly complex and dynamic network of antioxidant enzymes and metabolites. In fact, ROS and RNS may, on their own or by interacting between them, act as molecular signals that trigger activation of genes involved in antioxidative protection and other defense processes. The subtle frontier between the useful roles of ROS and RNS, such as in signaling, organogenesis and stress responses, and the oxidative and nitrosative stress that they trigger when antioxidants fail to cope with them, is illustrated in Figure 1 .
Antioxidant Enzymes in Legumes
Plants are endowed with an impressive variety of antioxidant metabolites and enzymes. In particular, nodules are very rich in antioxidants, probably as a result of the diverse reactions that generate ROS and RNS in nodule host cells and bacteroids (Puppo et al. 2005; Becana et al. 2010 ). Here, we will briefly describe the antioxidant genes and proteins that are expressed in legumes and especially in nodules. A list of these genes has been compiled for the model legume Lotus japonicus, which is the subject of this collective book. Readers are referred to Table 1 and to the bibliography given in the text for a more complete description of antioxidants, which have been grouped, for clarity, according to their biochemical activities. (Rubio et al. 2007 ).
Superoxide dismutases

Catalases
These tetrameric heme proteins catalyze the decomposition of H 2 O 2 to water and O 2 (Scandalios et al. 1997) . However, the affinity of catalases for H 2 O 2 is low compared with that of ascorbate peroxidase (Apx) and they may be efficient only at high H 2 O 2 levels such as those produced in the peroxisomes, where the enzymes are primarily located. A single catalase gene has so far been identified in the L. japonicus genome (Table 1) , although other plants such as Arabidopsis thaliana and maize express three catalase genes that are differentially regulated during development and in response to light and other environmental factors (Scandalios et al. 1997 ). An alternative splice form of L. japonicus catalase could be detected by careful analysis of expressed sequence tags (ESTs). The predicted protein contains a modified C-terminus, but the physiological role of this isoform is unknown.
Ascorbate-(homo)glutathione biosynthetic enzymes
The most abundant water-soluble antioxidants in plants and nodules are ascorbate (vitamin C), glutathione (GSH; Glu-Cys-Gly) and homoglutathione (hGSH; Glu-Cys-Ala). They can act as antioxidants on their own, by intercepting and destroying ROS and RNS, but also Thiol tripeptides are sythesized via two sequential steps catalyzed by -glutamylcysteine synthetase (ECS), localized in the plastids, and by either glutathione synthetase (GSHS) or homoglutathione synthetase (hGSHS), both localized in the cytosol and plastids. However, hGSH and hGSHS are only present in some legumes such a L. japonicus, soybean and common bean, where they may functionally replace GSH and GSHS. Some other legumes, such as M. truncatula, only express hGSHS in certain tissues (Frendo et al. 1999 ). In L.
japonicus, two ECS genes and one gene each for GSHS and hGSHS appear to be present.
The major ECS gene and the GSHS and hGSHS genes have been characterized (Matamoros et al. 2003 ).
Ascorbate and (homo)glutathione are also substrates for some enzymes of the ascorbate-(homo)glutathione (Foyer-Halliwell-Asada) pathway. The key enzyme of this pathway is Apx, which uses ascorbate to reduce H 2 O 2 to water, has a high affinity for its substrate (~70 M to achieve half maximum velocity) and accounts for 0.9% of the total protein in soybean nodules (Dalton et al. 1987) . Multiple isofoms of Apx exist in all plant tissues, which are localized to the chloroplasts (with both thylakoidal and stromal isoforms), mitochondria, peroxisomes and cytosol. In L. japonicus, the five genes encoding the expected Apx isoforms have been identified ( and homoglutathione (hGSSG), generated as a result of DR activity, are reduced back to GSH and hGSH by (homo)glutathione reductases (GR) at the expense of NADPH. As occurs for DR, the two GR isoforms of L. japonicus and other plants are located in the plastids/mitochondria (dual targeting) and cytosol (Table 1) . Therefore, the ascorbate-(homo)glutathione pathway comprises four enzymes with multiple isoforms and subcellular locations in order to keep H 2 O 2 under control using NADH or NADPH as electron donors.
Nitrosoglutathione reductase
The ezyme S-nitrosoglutathione reductase (GSNOR), previously known as glutathionedependent formaldehyde dehydrogenase or class III alcohol dehydrogenase, is amply distributed from bacteria to humans. GSNOR activity does not release NO but produces GSSG and ammonia, and regulates the levels of GSNO and S-nitrosylated proteins (Espunya et al. 2012 ). The enzyme is encoded by a single gene (ADH2) in A. thaliana. We have obtained the full sequence of the orthologous gene in L. japonicus (Table 1) and produced the recombinant enzyme, but it has not been characterized yet.
Peroxiredoxins, glutathione peroxidases and thioredoxins
Peroxiredoxins (Prxs) and glutathione peroxidases (Gpxs) are non-heme thiol peroxidases widespread in all organisms (Rouhier and Jacquot 2005 In L. japonicus there are at least six Gpx genes, which have been mapped and functionally characterized (Ramos et al. 2009 ). The mRNA levels of Gpx1 (plastids/mitochondria) and Gpx6 (plastids) are especially abundant in leaves, and those of Gpx3 (cytosol/secretory pathway) and Gpx6 in nodules. The expression of Gpx6 was increased 30-fold after exposure to NO donors, which suggests a role of at least this isoform in stress and metabolic signaling. Table   1 ). The NTRA, NTRB and NTRC genes are expressed in leaves, roots and nodules, but mRNA levels of NTRA are higher than those of NTRB and NTRC in all three organs. Based on gene expression and proteomic analyses, we have proposed that three NTR-Trx-Prx systems, localized to the cytosol, mitochondria and plastids, may be operative in nodules (Tovar-Méndez et al. 2011 ).
Ferritins and phytochelatins
Plants have evolved multiple strategies to maintain physiological concentrations of essential metals and to cope with heavy metal toxicity. One of them involves chelation of metal ions by ferritins and phytochelatins. Ferritins are large proteins of 24 subunits capable of concentrating up to 4500 atoms of iron in a safe form. They are transcriptionally regulated, play an essential role in iron homeostasis and protect plant cells against oxidative stress by preventing the participation of ferrous iron in damaging Fenton reactions (Briat et al. 2010 ).
There are four active ferritin genes in cowpea and A. thaliana that display tissue-specific expression and differential regulation during development and in response to environmental cues. The proteins of legumes and other plants have been mainly localized to the plastids (Lucas et al. 1998) , although a mitochondrial isoform has been recently detected (Briat et al. 2010 ). The ferritin genes of L. japonicus have been identified but not characterized yet (Table 1) .
Phytochelatins are polypeptides of general structure (Glu-Cys) 2-11 -Gly that are synthesized by dipeptidyl-transferases called phytochelatin synthases (PCS). The reaction entails the net transfer of a Glu-Cys unit from GSH to another GSH molecule or to an elongating PC polypeptide (Clemens 2006) . In L. japonicus and some other hGSH-producing legumes, homophytochelatins of general structure (Glu-Cys) 2-11 -Ala can be synthesized also by PCS using GSH plus hGSH or hGSH alone as substrates (Loscos et al. 2006) . The PCS reactions are strictly dependent on the presence of metal ions. We have identified three functional PCS genes in L. japonicus and found that they were differentially expressed in response to Cd (Ramos et al. 2007; ; Table 1 ). The PCS1 gene encodes a protein with high homology to soybean PCS1 (84% amino acid identity). The PCS2 and PCS3 genes encode proteins that are closely related to each other (90% identity) but are distant in evolutionary terms (53-56% identity) from PCS1. The PCS2 and PCS3 genes each show two alternatively spliced forms. Interestingly, the nodule form of PCS2 (PCS2N) conferred tolerance to cadmium when expressed in yeast, whereas the root form (PCS2R)) did not, indicating a complex regulation of PCS expression in organisms in response to heavy metals (Ramos et al. 2007; .
Hemoglobins
Plants can express up to three classes of Hbs: nonsymbiotic, symbiotic and truncated (see reviews by Garrocho-Villegas et al. 2007; Hoy and Hargrove 2008; Gupta et al. 2011 ).
Nonsymbiotic Hbs occur at concentrations of ~100 nM in many tissues and are futher In addition to three genes of symbiotic Lbs, the genome of L. japonicus contains genes encoding nonsymbiotic and truncated Hbs, which are expressed in nodules and other plant organs (Nagata et al. 2008; Bustos-Sanmamed et al. 2011 ; Table 1 ). These genes encode two class 1 Hbs (Glb1-1 and Glb1-2), one class 2 Hb (Glb2) and two class 3 Hbs (Glb3-1 and Glb3-2). This gene profile may be extensive to other legumes because two class 3 Hbs are expressed in M. truncatula (Vieweg et al. 2005 ) but is in contrast with A. thaliana, which only contains one globin of each class (Hunt et al. 2001) . In particular, the Glb1-1, Glb2 and (Igamberdiev and Hill 2004; Gupta et al. 2011 
